Abstract-A newly built pharmaceutical plant has been investigated by measurements. Currents of 0.3 kA were injected in the lightning protection grid on the roof. Inside the building, test cables of 100 m length followed a path typical for cables belonging to the installation. We measured induced cable currents and voltages. A reduced model of the building incorporated most of the designed current paths. Measurements and model showed that the roof steel skeleton carried about 80% of the current and the intended lightning conductors 20%. The calculated current through a cable support was larger than measured. This is explained by also considering a nearby nonintended conductor. For three types of cables, we determined the transfer impedances. The measurements and model have been combined and extrapolated to actual lightning.
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I. INTRODUCTION
L IGHTNING protection (LP) design is often based on rules derived from practical experience and sound reasoning [1] . Periodic visual inspection of the LP system is recommended, with tests on the resistance to ground. For high-risk buildings or structures and buildings with a large economic value, it would be advisable to test the whole building with current injection, but such tests are not foreseen in [1, Part 1, Annex. D]. A wellknown exception is the certification procedure for airplanes. The injection current should have a sufficient amplitude and sufficiently short rise time to resemble the real threat. These requirements are hard to meet for a large structure, such as a building. A workaround is possible when the major part of the protection relies on metallic conduction. In this case, the protection behaves linearly unless arcing-over changes current paths. The tests can be performed with a current of lesser amplitude, and lightning induced currents and voltages can be obtained by extrapolation. Small currents also avoid damage to inadequately protected equipment during tests. Nevertheless, the injected current should have a sufficiently high-frequency content to be representative of lightning. The current distribution in the building depends on the internal and external impedances of the conductors. The external impedances are inductive, and dominate the internal even taking the skin effect of steel into account (see also Section IV-A). As a result, the frequency is a common factor for all relevant impedances. The current distribution then does not strongly depend on frequency, until resonances show up. The measurement frequency of 18.4 kHz lies within this range for the building studied; the first resonance occurs at 0.9 MHz. The first quarter sinewave has a duration of 9 µs, which compares reasonably well with the rise time of the first stroke in [1, Part 1, Annex. A]. LP is usually described in terms of routing of large currents, reduction of magnetic fields, and induced voltages in large open loops [1] - [4] . A complementary approach focusses on currents and reduction of the transfer impedance Z t . Inside the building, all cables are supported by metal ladders and trays that form a continuous conducting structure integrated with the LP. This way of interconnection has been advised before and implemented during construction. The support acts as an "earthed parallel conductor" (EPC) [5] - [8] and protects the cables and electronic equipment. Many cables have protective earth (PE) leads, shields, or armors as additional EPC. The voltages at equipment terminals are then related to the induced cable common-mode (CM) current via the Z t . The Z t varies largely between cables and is a function of frequency for each cable. The open-loop voltage does not appear at equipment terminals when the EPCs are connected to the local ground at both ends. But it would do so without EPC or with EPC disconnected at either end.
Whether the total industrial system is lightning safe depends also on the equipment connected to the cables. This is outside the scope of the paper. The aim is to investigate to what extent a limited model of a complex building agrees with the measurements performed, what the benefits of armored and shielded cable are, and what a tentative extrapolation to lightning gives. Numerous papers appeared on the distribution of lightning currents in buildings with steel structures, e.g., [9] and references therein. Often the structures studied are less complicated than actual industrial installations.
Some of the data in this contribution have been presented earlier in preliminary reports [10] , [11] . This paper adds more elaborate modeling and a more detailed comparison with measurements.
II. BUILDING AND MEASUREMENT SETUP
The four floor building of 69 m (w) × 72 m (b) × 21 m (h) is a new plant for the production of medicines. The measurements were requested after the building was constructed and most of the electrotechnical installation was completed. the layout of relevant conductors on the roof and the fourth floor with air treatment installations. To intercept the lightning current, a coarse grid of 50 mm 2 copper wire on the roof is assisted by a large number of 3 m tall rods [see Fig. 1(a) ]. A steel skeleton gives the top floor its structural strength and supports the concrete roof plates [see Fig. 1(b) ]. The grid is connected to the steel skeleton at many points on the edge of the roof, at a few points near the air-cooling units on the roof, and at midroof [dots and squares in Fig. 1(a) ]. At the facades, the steel skeleton rests on reinforced concrete poles and is connected to downconductors leading to the foundation grounding. A buried ring around the building and rod electrodes placed at approximately 12 m spacing complete the outer LP. The total resistance to earth is smaller than 1 Ω. Inside the building, interconnected metal ladders and trays support the cables. The part on the fourth floor shown in Fig. 1(c) is typical for all other paths, only the horizontal extension is displayed. Two bundles of four 100 m long test cables have been laid for the measurements. The selection contained data and power cables, shielded, armored or unshielded, all of them samples of those used in the actual installation. One bundle ran over support branches #1 and #3, the other over #2 and #3. Near the facades, the cables followed a vertical path downward over the distance of 2, 15, and 15 m at the ends of branch #1, #2 and #3, respectively.
The current source was placed on the roof, at the frame of a spare location for an air-cooling machine. Four short steel pillars carried the frame and connected it to the skeleton. At opposite edges, the frame was connected to the roof grid (see Fig. 2 ). A 0.5 µF, 40 kV capacitor was the current source; a spark gap acted as switch. The "cold side" of the source was connected to the frame. From the "hot side" long Filotex high-voltage (HV) leads ran at 2.5 m above the roof toward two grounding electrodes at 50 m distance from the building on opposite sides. The electrode resistances were 8.9 Ω (east) and 11.6 Ω (west) at the time of installation. The V-shaped path of the HV leads on the roof is indicated in Figs. 1(a) and 2. A 27-µH coil in series with the capacitor limited the current in case of an inadvertent short circuit.
To ensure linearity, the currents were measured with air-core Rogowski coils combined with active/passive integrators [12] . Pearson current probes, with a conversion factor of 0.1 V/A, are used for smaller currents. For the voltage measurements, we used standard probes and battery-powered digital scopes. The bandwidth of the current measurements is minimally several hundred kilohertz, sufficiently large to accurately record the transients.
Originally, we planned to increase the injection current gradually from 100 A up to 1.5 kA, only to be limited by accidental mishaps in other electronic systems. One cable loop of the fire detection system was mounted against the top floor ceiling, just under the roof LP grid and skeleton. The owners of the system imposed a maximum voltage induced in their system to 35 V or a CM current of 1 A, which was met by limiting the injection current to 0.3 kA. The test cables shared the supports with power and signalling cables of other systems that were operating (see 3 ). The switched-mode power supplies to which some of the other cables were connected generated quite some disturbances in the test cables. We improved the signal to noise ratio by averaging up to 100 records. This solution limited the number of measurements that could be performed in the available time. Experimental data in following sections will be scaled to the injection current of 1 kA. Fig. 4 shows an example of the injected current and the fit assuming an RCL circuit. Circuit parameters can be derived from the known capacitor value C = 0.5 µF and the fit parameters: the resonance angular frequency is ω d = 1.15 × 10 5 s −1 or frequency f d = 18.4 kHz, the self-inductance L = 150 µH, and the resistance R = 5.11 Ω. The resistance can be fully attributed to the grounding electrodes, which leaves no resistance for the building. This confirms the statement (see Section I) that induction determines the current distribution in the building. The peak current varied less than 10% over many discharge cycles. Fig. 1(a) includes the peak currents through the connections between the LP grid and the steel frame at the building edge, normalized to a source current of 1 kA. The total measured current at the roof edge connections is 6% of the source current. As a general trend, the current returns near the source and under the HV leads (see also [2] ). The phase reversals found at several connections are remarkable and may indicate that isolated loops are present under the roof. Fig. 2 presents the currents leaving the frame under the source toward the skeleton (#sn) and toward the roof grid (#dn), and the currents through both HV leads. One observes that about 80% of the current flows toward the skeleton that acts as a bypass for the grid. The remaining 14% leaves the grid at other connections with the skeleton such as at the other frames, the thick lines in Fig. 1(a) .
III. MEASUREMENT RESULTS
The current through the cable support was measured at only one position, with a T-shaped layout of the HV leads directly on the roof instead of the V-shape, as in Fig. 1(a) . The value of 11 A/kA injection is also indicated in Fig. 1(c) .
At the far end of the 100 m test cables, all PE leads and shields were short-circuited to the cable support. Here "far" means as viewed from the measuring equipment. At the near end, the cable shield and/or PE lead were again connected to the support. The loop formed by the PE and the support can be considered as the CM current loop. At the near end, we measured the CM current and also the voltage induced between all other leads bundled together and the PE. If one considers the bundled leads as a single one, the voltage can be viewed as a differential mode (DM) with respect to the PE or shield. The DM voltage and CM current relate via a transfer impedance Z t . Peak values of the 18.4 kHz component in CM current and DM voltage are summarized in Table I , normalized to 1 kA source current.
We also measured the transfer impedances Z t in the laboratory on 1 m long cable samples, as detailed in [13] . A vector network analyzer has been used for frequencies of 300 kHz and higher, and a combination of a signal generator and lock-in detector for frequencies below 1 MHz. Fig. 5 shows the results for three cables selected as examples as follows: a) a 3 × 2.5 mm 2 power cable with one PE lead; b) a twin lead 2 × 2.5 mm 2 cable with steel armor and a 2.5 mm 2 copper litz as PE lead embedded in it; the armor has eight bundles of two wires of 0.3 mm diameter wound clockwise and eight bundles of eight wires in the opposite direction; c) a "Profibus" fieldbus [14] cable for data transport with two 0.7 mm diameter copper leads inside a shield composed of an aluminum foil and spacious copper braid consisting of 16 bundles of five 0.15 mm diameter copper wires. For cable a, one has with R dc = 6.8 mΩ/m is the resistance of the PE lead, ω is the angular frequency, and M = 0.27µH/m is the mutual inductance. The dashed line interpolates between the measured dc value and the high frequency Z t . The crossover frequency R dc /2πM is 4 kHz. The construction of cables b and c is displayed in Fig. 6 . Because of the armor or braid and foil outermost conductor, their |Z t | rises much slower than cable a above 10 kHz. The |Z t | of cable b rises proportional to ω 0.4 (dashed line) between 5 and 500 kHz; the phase angle is about π/6. Above 1 MHz, |Z t | tends to rise ∝ ω 0.5 and the phase approaches π/4, appropriate for a Z t dominated by the skin effect. The fieldbus |Z t | is nearly flat up to 2 MHz and increases proportionally to √ ω at higher frequencies, whereas the phase tends to π/4. This behavior is analogous to the skin effect surface impedance, but it is rather unexpected for a cable with a foil shield. The small change in amplitude and phase near 10 kHz is tentatively attributed to the magnetic field penetration of the aluminum shield caused by the slit; a detailed investigation is outside the scope here. The ratio of measured peak current (I p ) and voltage (V p ) on the 100 m test cables in the building agrees with the respective cable Z t s at the injection frequency, as indicated by the markers in Fig. 5 .
IV. MODELING
In order to reduce the complexity of the model, a limited number of conductors was taken into account, selected for their intended or probable contribution to LP.
A. Overall Structure
The model starts with the conductors shown in Fig. 1 implemented in a commercial method of moments (MoM) code [15] (see also [16] ). The 50 mm 2 copper LP grid on the roof at 19 m height consists of meshes of approximately 20 m by 10 m. In Fig. 1(a) , the grid and frames of the air-conditioning units are shown. Fig. 1(b) shows the horizontal part of the steel skeleton at 0.5 m below the roof grid. The skeleton consists of I-beams (thick lines) modeled as 20 cm diameter tubes and diagonal flat girders (thin lines) modeled as 10 cm diameter tubes. Vertical tubes of 20 cm diameter were included along the skeleton edge and extended downward. The layout of the cable support is shown in Fig. 1(c) . As the model for the cable ladder, we choose two tubes of 7.4 cm diameter and one middle beam of 6.4 cm diameter, 2.5 m below the roof grid; the cables were not included in the overall model. The vertical part of the paths is not shown in the figures. Fig. 2 shows the frame carrying the source in more detail. The dotted lines indicate the HV leads (diameter of 1.5 mm) in the V-shape configuration. A single 18 kHz voltage source is assumed between the HV leads junction and the frame. At the ends of the HV leads, the actual resistors (see Section II) have been assumed. At four points (squares), the frame rests on the steel skeleton via short-conducting pillars. In view of the actual low resistance to ground (see Section II), the soil under the building is regarded as a perfect conductor. A large amount of other metal present is neglected in this first model. All MoM segments have a maximum length of 4.5 m, and the total number of segments is about 5000. We tentatively introduced skin effect assuming a resistivity ρ = 10 µΩ·cm of steel, relative permeability µ r = 200, and skin depth δ ≈ 0.1 mm. The currents varied less than 1% compared to the perfect conductor case. We did not consider skin effect further.
The calculated impedance seen by the 18 kHz, 1 kA source is 5.04 + j11.25 V/A. The imaginary part is equivalent to an inductance of 97 µH. If the 27 µH of the series coil is added, the total inductance is in reasonable agreement with the 150 µH from the fit on the measured current (see Section III). The distribution of current over both HV leads agrees well with the measurements, as indicated in Fig. 2 . It should be noted that the HV lead currents have been measured separately from the source current, and minor variations occurred between discharges. The same good agreement holds for the distribution of current over the frame connections with the grid and the steel skeleton: the skeleton carries 80% of the current. Several connections between grid and steel skeleton were distributed over the roof, but these were not included in the model. As a result, the calculated sum of the currents toward the skeleton at the roof edge is 183 A, much larger than the 60 A measured. No phase reversals were found in the model. The cable support current at #1 in Fig. 1(c) is 30 A in the model with the T-shape for the HV leads. This is nearly a factor of three larger than measured. A 0.8-m-diameter air duct ran close above the cable support. The duct was not an intended conductor because of rubber gaskets between the elements. However, the many bolts and metallic suspensions to the building structure made it a probable continuous conductor. When included in the model over the length of sections #1 and #3 in Fig. 1(c) , the duct reduced the support current to 17 A. With this result, we decided not to include more conductors in the model.
The reinforced concrete roof plate were omitted in the model. The grids of different plates were physically separated and insulated. Such grids have a local effect, but do not contribute to the overall protection.
We verified that the current distribution remained the same when the frequency was increased from 18 to 180 kHz. This was to be expected, because induction determined the current distribution rather than the resistance at the grounding electrodes. We verified that the current 20%-80% distribution between roof grid and skeleton did not depend on the HV leads. A Web-like structure of 12 HV leads evenly distributed over the building showed the same ratio. Actually, we would have preferred such an injection circuit for the measurements. The effect of a solid conducting floor has been studied in [17] . We also included a metallic layer on the fourth floor; it left the current distribution above it nearly unchanged. However, equipment at floors below will see some benefit from it.
B. Cable Support Details
The cable ladders have rungs with 0.2 m separation. Many other cables share the support with the test cable bundle, but first we consider the latter only. The actual cross section of the ladder beams is shown in Fig. 7 . The diameters in the overall model have been chosen to give an identical current distribution. The four test cables are taken as a bundle of 2 cm diameter, short circuited to the support at both ends. A 2-D static MoM code [18] resulted in the current distribution by requiring zero magnetic flux between the conductors. Rungs in the ladders short circuit the beams and reduce the magnetic flux through the openings. Because of the zero flux requirement in the MoM, one may omit the rungs. The part of the current through the test cable bundle is shown in Fig. 7 as a function of the bundle position over the dashed line. Many other cables share the support. We included four bundles of such cables in the same model, while the test bundle was placed close to the middle beam, the position shown in Figs. 3 and 7 . The current part through the test cable bundle decreased by a factor of three. The measured ratio was 10% at branch #1 in Fig. 1(c) . The model underestimated the cable bundle current. Again here, there remain many unknowns: variations in support (trays and ladders), in position and presence of other cables, and their unknown terminations and possible pigtails.
C. Lightning Simulation
A 200-m-tall vertical current path is assumed as the model for the lightning channel. An 18 kHz voltage source with high internal impedance is positioned at half-height. The lower path connects the source and the building, the upper path is a freestanding antenna on top of the source. The current in upper path closes via the displacement current; most of the displacement current flows toward the soil. Three positions were chosen as attachment points to the building [see Fig. 1(a) ]; L1 is at the corner of the building, L2 at the measurements injection point, and L3 on the roof edge exactly above the end of the branch #1 of the cable support. For the L1 position, the displacement current part on the building was determined as the difference between the current arriving at the corner and the sum of the conduction currents leaving via the connections to ground. The displacement current amounted to 3% of the injected current. In case of attachment at L2, the skeleton/grid current ratio remained 80% to 20%, and similar values in case of L1 and L3. The currents in the three support branches (#1, #2, and #3) are given in Table II . The horizontal air duct has only a small effect compared to the case of current injection with the HV leads.
V. TENTATIVE SCALING TO LIGHTNING
Under the assumption that the current distribution does not change, the model can be scaled up to the lightning parameters Table II ) and the measured 10% for the cable bundle (see Section IV-B). The finite-wave velocity over the supports and cables, and possible resonances have not been taken into account. Such effects could, in principle, be handled as detailed in [19] and [20] . Measurements showed that the bundle current is divided in a 3:3:2:2 ratio between two power cables and two thinner signal cables. A 200 kA lightning current pulse with 10 µs rise time, corresponds to severity level I (see Table III ) for the first return stroke. The approximating expression for the lightning current i reads [1] i(t) = I k × (t/τ 1 ) 10 1 + (t/τ 1 ) 10 exp(−t/τ 2 ).
The corresponding front and tail time constants are τ 1 and τ 2 , respectively. The 200 kA lightning induces 6 kA in the support and 180 A in a power cable. The temperature rise of any of the cables is less than a degree Celsius. The Z t of three cables of Table I has been modeled by (1) for cable a and by a skin effect surface impedance approximating the data for cable b and c in 
with R dc is the dc resistance per meter length, J n is the Bessel function of order n, x = −jf /f δ , and f δ is the characteristic frequency, where the skin effect sets in (see also [13] ). The measured Z t of cables b and c is more complex than (3); at high frequencies the fit overestimates the measured |Z t | (see Fig 5) . The current has been converted into the frequency domain by a Fourier transform over 2 × 10 5 points with 0.1 µs time step, and then multiplied by the transfer impedances. The resulting voltage has been converted back into time domain by an inverse transform. The initial parts of the voltage waveforms are shown in Fig. 8 . Calculated induced peak voltages are given in Table IV , together with the voltages corresponding to the subsequent return stroke calculated similarly (50 kA, 0.25 µs rise time, 10 6 points with 10 ns time step). Please note that the voltages are those between the power or signal leads taken as a bundle, with respect to the PE lead or shield. The peak voltage induced in the unshielded cable a by a subsequent stroke could pose a problem for the equipment. The value is fully determined by the time derivative of the current in (2) . All other values are within safe ranges. For instance, with the armored cable b the voltage is a factor of 3 or 20 lower than cable a, for the first and subsequent stroke, respectively. The voltage between the power or signal leads is often one or two orders of magnitude lower than those calculated here [21] .
The values of Table IV result from a direct extrapolation, neglecting travel times and resonances. The cable support is attached to the building structure through many wires, randomly spread with distances of the order of 3 m. This mesh of conducting interconnects is not included in the calculations. The local circuits resonate at frequencies of 50 MHz and up. The travel time of a current wave over the cable support and nearby building structure is about 0.3 µs, and subsequent strokes with rise time of 0.25 µs can excite resonances. Analogous to the overshoot of an L-C-R resonator, a factor of two increase in current may be expected. A similar current increase has been observed due to ground reflections on tall buildings [22] . The voltages of Table IV increases less because of the different travel time inside and outside the cable. A more detailed analysis is not warranted for this model of the building. Nevertheless, the resonance excitation [23] is the subject of current investigations.
VI. CONCLUSION
The LP system on the roof of a new plant has been tested by measurements, and a MoM model has been used to extrapolate to lightning currents. The MoM model correctly produces the current distribution between the roof grid and the skeleton. This distribution is mostly determined by the local magnetic coupling. The lightning capture rods are connected to the grid. In case of a stroke on such a rod midroof, the grid will be important. But in all other cases, the denser and heavier building skeleton appears to be a better LP. The model presented overestimates the cable support current by a factor of three when compared to the measurements; a factor of 1.6 when including the air duct. Even assuming the larger support current, the cables appear well protected.
Cable bundles have been intensively studied elsewhere, e.g., [24] . When manufactured in large numbers such as in the automobile industry, a large effort in the modeling is justified. In a building, as discussed here, one has to accept the "as built" situation. To retrieve the actual composition of the cable bundles and the individual cable connections required a number of man-hours that was unavailable for this study. In addition, incomplete knowledge about the building details remained, such as other metal and the interconnections. The uncertainty of the model is more due to the available input than to the MoM itself. In a comparable low-frequency calculation, where analytical expressions for the fields were available, an accuracy of better than 2% could easily be achieved [25] using the same software. Still, the limited model applied gave acceptable results and good indications as to the lightning safety of the installations.
The measurements on the Z t show the benefits of armored/shielded cables even inside buildings.
